By means of resonant inelastic x-ray scattering at the Cu L3 edge, we measured the spin wave dispersion along 100 and 110 in the undoped cuprate Ca2CuO2Cl2. The data yields a reliable estimate of the superexchange parameter J = 135 ± 4 meV using a classical spin-1/2 2D Heisenberg model with nearest-neighbor interactions and including quantum fluctuations. Including further exchange interactions increases the estimate to J = 141 meV. The 40 meV dispersion between the magnetic Brillouin zone boundary points (1/2, 0) and (1/4, 1/4) indicates that next-nearest neighbor interactions in this compound are intermediate between the values found in La2CuO4 and Sr2CuO2Cl2. Owing to the low-Z elements composing Ca2CuO2Cl2, the present results may enable a reliable comparison with the predictions of quantum many-body calculations, which would improve our understanding of the role of magnetic excitations and of electronic correlations in cuprates.
I. INTRODUCTION
Magnetic excitations have been intensively studied in high temperature superconducting (HTS) cuprates for their possible role in the pairing mechanism of these materials [1] [2] [3] [4] . Although several studies have already been carried out by means of inelastic neutron scattering (INS) 3 on a number of cuprate compounds, the interpretation of the data remains highly controversial because of the lack of theoretical understanding of electronic correlations in realistic systems.
Recently, Cu L 3 edge resonant inelastic x-ray scattering (RIXS) 5, 6 has emerged as an alternative probe of the above excitations. This technique extends the energy range probed by INS to higher energies 7 and also offers the advantage of measuring small single crystals. To the best of our knowledge, in HTS cuprates, RIXS has been hitherto employed to complete previous INS studies on well-known compounds. In the case of La 2−x Sr x CuO 4 , for example, the RIXS results found that magnetic excitations persist up to very high doping levels in regions of the Brillouin zone that are not easily probed by INS 8 .
The purpose of the present work is to study by means of RIXS the HTS cuprate parent compound Ca 2 CuO 2 Cl 2 (CCOC), for which INS studies are infeasible because samples are only available as small, hygroscopic single crystals. This parent compound can be doped either with sodium, Ca 2−x Na x CuO 2 Cl 2 (Na-CCOC) 9, 10 , or with vacancies, Ca 2−x CuO 2 Cl 2 11 . The motivation of our study is the simplicity of their single-layer tetragonal structure and the absence of structural instabilities that often jeopardize the study of more common cuprates, such as the aforementioned La 2−x Sr x CuO 4 . Moreover, the Ca 2 CuO 2 Cl 2 system is the only HTS cuprate system composed exclusively of low Z ions, with copper being the heaviest. This is an advantage for standard ab initio density functional theory calculations, where large Z ions pose problems for pseudopotential optimization. This feature is even more advantageous for advanced theoretical methods suitable to take into account correlation effects, such as quantum Monte Carlo, since they require one to treat accurately the spin-orbit coupling. In order to circumvent this difficulty, these quantum manybody calculations are mainly applied to systems with light atoms, where relativistic effects are negligible [12] [13] [14] . Note that Ref. 14 treats in particular Ca 2 CuO 2 Cl 2 , although without reporting the values of the exchange J. In this respect, Ca 2−x CuO 2 Cl 2 and Ca 2−x Na x CuO 2 Cl 2 are the most suitable example of such low-Z systems among HTS cuprates. In addition, the superconducting compound Ca 2−x Na x CuO 2 Cl 2 has already been studied by means of photoemission and scanning tunneling spectroscopy 9, 15, 16 , therefore a RIXS study is expected to provide further insight into the electronic excitation spectrum. In the present work, by means of RIXS, we study the spin wave dispersion of Ca 2 CuO 2 Cl 2 , the parent compound of the above HTS cuprate, and we extract the superexchange parameter J using two different mod- ) and a power law fit (red).
els.

II. EXPERIMENTAL METHODS
A. Crystal growth and characterization
Single crystals of Ca 2 CuO 2 Cl 2 were grown from CaCO 3 , CuO, and CaCl 2 by solid state reaction, as described in detail elsewhere 10, 11 . As shown in Fig. 1 , Ca 2 CuO 2 Cl 2 has a tetragonal K 2 NiF 4 -type structure (I4/mmm) 19 with alternate stacking of (Ca,Cl) 2 and CuO 2 layers. The lattice parameters at ambient conditions are a=b=3.86735(2)Å and c=15.0412(1)Å 10,11 . The crystals are easily cleaved along the ab-plane due to the weak ionic bonds between adjacent layers.
The single crystals of ≈2 mm width/height and ≈0.2 mm thickness were characterized using a commercial Bruker 4-circle kappa geometry diffractometer. A fixed Mo anode was used and the filtered K α emission was collimated at 0.2 mm (3 mrad). A cryogenic N 2 flux was used to isolate the sample from humidity. The measurements yield unit-cell parameters in agreement with the literature 10, 11 and also enabled us to determine the crystal orientation with respect to visible facets. The samples for RIXS measurements were subsequently glued on the holder with silver epoxy. Finally, ceramic posts were attached with the same epoxy in order to cleave the The scattering angle 2θ is defined between the photon momentum of the incoming beam k and the direction where the analyzer collects the scattered beam k'. 2θ and the azimuthal angles are fixed, whereas the incident angle can be changed by a rotation, θ, around the b-axis. The incident angle defines δ, which is the angle between the sample normal c and the transferred momentum q (red arrow), so that δ = 0 in specular reflection. The projection of q onto the sample's ab-plane is denoted q , which is 0 for δ = 0 and maximal for grazing geometries. Measurements along 110 are done with the sample rotated 45
• around the c-axis.
crystals in vacuum. Ca 2 CuO 2 Cl 2 is an antiferromagnetic insulator with a Néel temperature of T N = 247 ± 5 K 18 . To check the magnetic state of the samples, we performed neutron scattering on the 1T spectrometer at Laboratoire Leon-Brillouin, using a sample from the same batch used for the RIXS experiment. We measured very weak magnetic reflections at low temperature for q=( 
B. Resonant inelastic x-ray scattering
RIXS measurements at the Cu L 3 edge (930 eV) were performed at the ADRESS beamline 21, 22 of the Swiss Light Source using the SAXES spectrometer 23 . The samples were mounted in the ultra-vacuum manipulator cryostat of the experimental station. By applying a force on the aforementioned ceramic posts, the samples were cleaved in situ under ultra-high vacuum and low temperature conditions to avoid hygroscopic damage of the cleaved surface. Their surface quality was confirmed by x-ray absorption spectroscopy. All spectra presented in this work were taken at 15 K.
The experiment geometry is shown in Fig. 2 and was similar to previous RIXS studies on cuprate parent compounds 6 . We used π-polarized incident x-rays and a grazing exit geometry in order to enhance the single magnon spectral weight was fixed at 2θ = 130
• , giving a constant momentum transfer to the sample of q = 2 k sin(θ) = 0.85Å −1 . Although q is fixed, its component in the ab-plane, q , can be changed by rotating the sample about the vertical axis (b-axis in Fig. 2 ). For a given rotation, θ, the deviation from specular reflection is given as δ = θ specular − θ, thus q = q sin(δ). The minimum (maximum) δ used was +5
• (+55 • ) corresponding to q = +0.07Å −1 (q = +0.70Å −1 ). Therefore, in terms of reciprocal lattice units (2π/a) in the ab-plane, we measured q from (0.05, 0) to (0.43, 0) along 100 and from (0.03, 0.03) to (0.3, 0.3) along 110 . In other terms (Fig. 6 inset) , we measured past the magnetic Brillouin zone along Γ-M, but well short of where thermal neutrons measure at M=(1/2, 1/2). Along Γ-X we measured very close to the first Brillouin zone edge at X=(1/2, 0).
III. RESULTS AND DISCUSSION
The RIXS map of Ca 2 CuO 2 Cl 2 at q = (0.34, 0) shown in Fig. 3 highlights the resonant behavior of the inelastic features. From lower to higher energy loss, one notes a mid-infrared peak between 0.1 eV and 0.6 eV, dd excitations between 1 eV and 3 eV, and weak charge transfer excitations at higher energies. A weak fluoresence line is visible at energies above the Cu L 3 edge and intersects the dd excitations at resonance. The spectral weight from this fluorescence line at resonance is unknown, but it is likely of the same order as the dd excitations, as evidenced by the diagonal skew of the dd excitations. Fig. 4 shows the RIXS spectra obtained along both directions focusing on the mid-infrared energy region, while Fig. 5(a) shows the full energy region for δ = +10 and +55. The spectra are normalized to the area of the dd excitations to account for the geometrical changes of the RIXS cross-section. There is an expected increase in elastic scattering near specular, i.e at (0.09, 0) and (0.06, 0.06). However, the elastic line for the sample aligned along 100 was large for all momentum transfers. These variations are likely due to finite surface quality after cleaving and did not impede accurate fitting.
The mid-infrared feature is assigned as a magnon with a higher energy multi-magnon continuum. This assignment was done considering its dispersion (Fig. 4,6 ) and past RIXS results on cuprate parent compounds in this experiment geometry 6, 7 . Furthermore, in our case, mag- netic excitations are the only excitation in the midinfrared energy region due to the ≈ 2 eV Mott gap. These spin excitations are the focus of our paper and are discussed below.
The apical chlorine in Ca 2 CuO 2 Cl 2 increases the tetragonal distortion much like for Sr 2 CuO 2 Cl 2 , therefore based on Ref. 20 we assigned the dd excitation at 1.70 eV to Cu-3d xy , 1.99 eV to Cu-3d xz/yz , and higher energies in the shoulder to Cu-3d 3z 2 −r 2 . The dd excitations were not well fit following the technique of Ref. 20 , possibly due to fluorescence emission in this energy region or electron-phonon coupling 30 .
The broad charge transfer feature centered around 5.5 eV did not show dispersion or significant intensity variations, in agreement with Cu K edge RIXS 31 . The author of Ref. 31 assigned this feature as transitions to an excited state composed of symmetric contributions of a central Cu-3d x 2 −y 2 orbital and the surrounding O-2p σ orbitals. Cu K edge RIXS also found a dispersive Mott excitation from 2.35 to 3.06 eV along Γ-X and from 2.34 eV to 4.14 eV along Γ-M. Therefore, the Mott excitation will fall under the dd excitations for the majority of our momentum transfers, however, the Mott excitation at ≈ 3.4 eV for q = (0.3, 0.3) is not visible in our results ( Fig. 5(a) ).
A typical fit of the mid-infrared region is shown for q = (0.21, 0.21) in Fig. 5(b) and the extracted magnon dispersion is shown in Fig. 6 . The resolution function was measured on carbon tape and was well described by a Lorentzian squared function of 130 meV full-width at half-maximum. The elastic, phonon, and single magnon contributions were all resolution-limited. The multi-magnon excitation continuum was modeled as the resolution function convolved with a step function with subsequent exponential decay towards higher energy losses. The background was a Lorentzian tail of the form y = A(x − x 0 ) −2 + c. The energy of the phonon contribution is found around 60-70 meV with respect to the elastic, or ∼ 15-17 THz, roughly corresponding to the Debye cut-off frequency ω D of Ca 2 CuO 2 Cl 2 32 . The major source of uncertainty for the magnon energy was determining the elastic energy, since the elastic line was irregular for the sample aligned along 100 and often too weak along 110 . dd excitations in undoped layered cuprates are known to be non-dispersive within current experimental accuracy 20 , therefore the elastic energy was fixed with respect to the Cu-3d xz/yz energy, which was found to be 1985 ± 5 meV from several spectra with well-defined elastic lines.
The experimental and calculated dispersion along the two high-symmetry directions are shown together in Fig. 6 . We use a classical S = 1/2 2D Heisenberg model with higher order coupling to analyze our dispersion. The Hamiltonian is given by 33 :
where we include first-, second-, and third-nearest neighbor exchange terms, as well as a ring exchange term (J, J , J , and J c ). Within classic linear spin-wave theory 34, 35 this leads to a dispersion relation given by
, and Z C (q) is a spin renormalization factor 33, 36 . As a first approximation we consider only the first term in the Hamiltonian, which corresponds to only nearest-neighbor exchange.
In this isotropic case the dispersion relation above reduces to ω q = 2JZ C 1 − [cos(2πh) + cos(2πk)] 2 /4, where Z c = 1.18 is a constant 36 . The calculation for our data is shown in Fig. 6 as a solid red line, obtained both analytically and using the "SPINWAVE" code 35 , as a check. The energy at the zone boundary peaks at 2JZ C = 320 ± 10 meV, which gives J = 135 ± 4 meV. For La 2 CuO 4 and Sr 2 CuO 2 Cl 2 , the zone boundary energy is 314 ± 7 meV and 310 meV respectively, which corresponds to J = 133 ± 3 meV and J = 131 meV respectively 7, 33 . Note the 40 ± 10 meV energy difference along the magnetic Brillouin zone boundary (MBZB) between X and M. This MBZB dispersion is an indication of non-negligible magnetic interactions beyond nearestneighbors 7, 33, 37 . Following Ref. 33 , we parametrize the above Hamiltonian with a single band Hubbard model with U, the on-site repulsion, and t, the nearest-neighbor hopping. Expanding the Hubbard Hamiltonian to order t 4 , we find J = 4t 2 /U − 24t 4 /U 3 , J c = 80t 4 /U 3 , and J = J = 4t 4 /U 3 . We assume the spin renormalization is constant, Z c (q) ≈ Z c , which introduces an error less than the uncertainty of our data 33 . Within this model, it can be shown 38 that the maximum energy at X is given by E max = 2Z C (J − J c /10) and the energy dispersion along the MBZB is given as ∆E M BZB = 3Z C J c /5. We can use our experimental dispersion to fix E max = 320 meV and ∆E M BZB = 40 meV, which uniquely determines U X( 1 / 2 ,0) The calculated dispersion using these values is shown in Fig. 6 as a dashed blue line. The MBZB dispersion is well fit, however the energy along 100 is underestimated, indicating the need to include further hopping terms in the Hubbard model 39, 40 . Furthermore, our values of U and t are unphysical, even if they are similar to those found in La 2 CuO 4 at 10 K using this approach 33 (U = 2.2 eV and t = 300 meV). They are in disagreement with photoemission results 41 and U = 7.5t is less than the tight binding bandwidth 40 of 8t. Inclusion of further hopping terms is beyond the scope of this paper, however they will not fundamentally change the determination of the superexchange parameter J.
The fact that all three cuprates discussed above have a very similar E max is a bit surprising. The simplistic scaling relation 42 Nonetheless, its calculated value matches quite well our results above, much better than the Cu chain system of Ca 2 CuO 3 which has apical oxygens, emphasizing the important role that the apical ligands play in intraplanar(chain) exchange.
IV. CONCLUSIONS
In conclusion, the present Cu L 3 edge RIXS study enabled us to determine the spin wave dispersion along the two high-symmetry directions of Ca 2 CuO 2 Cl 2 , an undoped antiferromagnetic HTS cuprate parent compound containing only low-Z elements. In first approximation, the data are explained within a simple S = 1/2 2D Heisenberg model with a nearest-neighbor exchange term J = 135 ± 4 meV, taking into account spin quantum fluctuation renormalization. Including next-nearestneighbor contributions, our estimate is increased to J = 141 meV. To the best of our knowledge, this is the first measurement of the spin-wave dispersion and of its zoneboundary energy in Ca 2 CuO 2 Cl 2 , noting that INS experiments are currently infeasible and two-magnon Raman scattering has not been performed yet. We believe that the present low-Z cuprate Ca 2 CuO 2 Cl 2 is an ideal playground for future quantum many-body theoretical models of HTS cuprates. Our RIXS results combined with the future results of these models will offer a unique comparison between experiment and state-of-the-art theory of correlated electron systems.
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